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he purpose of this study wes to make an experinentel Invastin- 
Sion of the effoct of « S^-rp volocity gradient on the oseilictions of 
en airfoil, This information is porvinont to the farmmiation o? theorios 
Yor predicting teil bufleting. The test equipsent was desipned to DIO- 
vide conditions corresponling as closoly as possible te those based on the 
assimptions of lo in his theoretical study of an oscillctino atrfos1 in 
parallel streans seporated by an interface, 

Because of the viscous neture of air, the comryptiions of Lo could 
not bo simulated & “Ticientiy closo 5o permit cn experimental Shock on 
his findings, Tho eimuletlon, however, wos adecuato to provide for an 
experimental check on hig fundano.tal point o^ vie 88 en oxpleneticn of 
buffeting, 

The procence ol the high 55600 flutter »modietod by theory wag 
verified, Varietíons in the Slutter speed and Cluétor “requeney vore 
novod as the position ol tho sharp velocity predient relativo to the aim 
foil was shifted و‎ but these variations were not considered significant, 

£ low speed ose: lletion was round which the evidoneo aveliablo 
indicated was due to porliodlle vortices Comet in the flow by ihe ameri- 
nongol got-u used to crecte the Velocity redioni, Limitetions on the 
minium opereting syocd of the wind tumol nrecludad a thorough investi- 
getlon کہ‎ the lower ون هب0‎ in tho low rUe. 

The evidence found in this Imestiostion, though not conclus ive, 
indicotos that dntfotire 19 Ginply the ros»onse ef on clastic systen to 


e turbulont flow. Πο conclusive evidence was found to indicate that a 
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of the airfoil. 





ner invostigation of the airflow created by the oxmozinontal 
Set-up used is recormendod in order $o ex lein procisoly tho osci: 


phenomena oncounrtored, 
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Description of Apparatus 
Test Procedure 
Discussion of Results 








I. IMRODICTION 


Tho critical speed at which wing flutter occurs in Flicht with a 
Given set of physical constants for the structure can be vrodicted with 
recosonable accurcey by the uso of procedures such as those foww in 
Reforences 1 and 2. Those structures can be 9ο desipmod that the flutter 
speed is well above the speed rango in which the cireref is to be 
operated, Theories, however, for predicting teil buffoting, usually 
associated with the action of vortices in the wing wake or in the Όσο 
pellor glipstrean, arc locking, althoucsh mmerous practical methods are 
aveiloble for liniting its offects. 

Io (Reference 3) points out that this gap in acredynenic theory 
arises fron the fact that the actual nature of the wake behind o wine 
hep not yet been established. The effoct of the wako on the teil has 
boen a»proximcted by Abdrashitov (Reforenoe 4) in the form of a harmonic 
disturbance force. Lo introduces an entirely different anproach. ine 
thooretical trectnent he appzoxiantes the wing wko by an intorfece, 
i.0., a plone across wich tho flow undergoes finite, constant cicnces in 
density and velocity, and considers the possibility of airfoil TI: tor 
in the vicinity of the interface, fo finda thet in addition to the high 
07663 wing flutter an airfoil is capable of flutter at low speed wien 
placed near an interface. He works out an exewmile in which he first 
determines the flexure-torsion flutter speed of a tuwo-dirensionsl wing by 
conventional methods. By introducing an interface in the plane of or 
close to the airfoil, ho finds that althouch tho up yor flutter speed is 


only reduced by about 10 per cent, fluitor pl:onomena also “halo place at 





a apoed of less then 3 per cent of the conventional veluo. lie finds 
thet the predominent sede of oscillation is toreioncl in the hicher s»veed 
case and flexural for the lower speed, 

In formulating the problon Le mde the following assumptions: 

(a) the wake given orf by the wing may be approximeted by on 
interface across which the flow u:dercoes a constent chango in velocity 
amd density; the interface is flat, of sero thiclmess and extends to 
infinity in all directions; 

(b) the tail surface is of infinite aspect ratios 

(c) the oscillating motion is two dinensionel; 

(d) tho flow is incomreosiblo und non-viscous; 

(e) the thicimess of the tail surface and the amplitude are 
smell in comparison with the chord; 

(£) the oscillation is periodio; 

(c) the teil has a mean position parallel to the surface, 

EC Prea the point of view thet a velocity cradient is a vortex loyor, 
and an interface is e vortex layer of sero thicimoss, it is seen that lo 
theoretically presents the fundementels of the viscous shear flow oporocch 
to the explanation of bu'feting. 

This investiration was concerned with checking experinentelly the 
results obteinod by Lo in order to eithor obtain ovidence wich vould gub- 
stantiate the viscous shear flow approach to the buffeting problem 
where consideration 49 civen to the possibility thet it ds a flutter 
phononen:, or to obtain ovidence wiich would establish buotcting as 


simply the response of an elastic system to a turbulent flow. 





x A wind tunnel soteup was doesimed whieh provided conditions which 
corresponded es Glosely os possible to Lo's assumtions,. Altiourh an 
interface such as Lo postulcted cen not be produced experimentally with 
cir because of its viscous nature, the correspondence obtained in this 
oxperinent is considered much better than that wiich would over exist 
under actucl flight conditions of en aircraft, 

Thus, although Lo's thoorotical fimäines cannot bo checkod 
exporimentelly, the simulation of his assumptions is edemute to provide 
for en expcrinental check on his fundanmeontol point of viow ces en ex 
planation of the cause of buffeting. It is pertinent to sec if 2 sharp 
velocity pradient near an oscillating airfoil lowers the "1:502 spoed 
to the extent thet flutter shenoen. must be considered in fornulcting 
theories for oredicting buffcting, 

in this investiection the flexure-torsion flutter characteristics 
of a two-dimensionel NACA 0006 airfoil were determined in an undisturbed 
flow. A sharp velocity diseontinuity was created mar the eirfoll ani 
4ta effects on flutter seed wove obsorved. Linitation of the ninimm 
operating speed of the wind tunnel precluded a thorough investicntion of 
the lower speeds in the low rane. 

The scove of this investigation is confined to the speed σος 
where zir may be assumed incompressible. Buffeting dug to unstable 
shock waves hes not been considered. 








Il, DESCRIP? LO} OF AVPARATE 

. The wind tunel was an ovon=rotum type (Figure 1) powered by a 
125 hep. automobile oncino with a three speed transmission, A detailod 
description is civon in Reference 5, Throttle control from the locality 
of the tost-section was provided with a renotely comtrolled reversible 
d.C. motor, 

The wind tunnel was cesigned to provide flow with a ninimm of 
turbulence, “his was accomplished by using a large contraction ratio 
combined with three screens, two of cheeso cloth and one of 20 nesh 
cooper screening, placed at ono foot intervals at the inlet of tho tummel 
as shown in Figure i, 

Vibrations of the encine=propellor section were isolated by means 
of a 1 inch pep botwoon this section and the rest of tho wind tunnel. 

The pesima end rinimm speeds obtainable in the test soction 
wero approiimtely 65 foet per second and 10 feet per secon), respectively. 

An ACA 0006 airfoil was mounted vortically in the test section as 
shown in the photogranvh of Figure 2(n). 15 ws clerpod to stoel springs 
at each end (Ficure 2(b) ) end the springs passed through slots in the 
upper ond lower tunnel wolls and were themselves clamped to heavy steel 
brackets. Tho cross-section of the springs was 1/2 inch by 1/16 inch 
and the clams wore adjusted so that a spring length of 7+ inches wes 
obtained. The clamping action was sufficient to withstand a tonsion 
load on the springs of over 75 lbs. 

The tension on the springs was maintained at a practically con- 
stant value by means of a horisontal spring flemuwre incorporated into 
the design of the lower nounting clemp (Figure 3). 





The airfoil was af lamineted wood construction with a 9 inch 
chord and 35 inch span. The lift coefficient versus anrle of attack for 
the airfoil is civen in Figure 4. Tho various chysical constants of the 
epring-oirfoil system are fiven in the A»pondix, 

The axis of the airfoil ws carefully aligmed with the tumel 
exis and thug tho angle of attac of the airfoil was neintainod at zero 
derroes. With this aligpmment the airfoil exhibited no tendency to move 
sidewise wider the action of the airflow. 

The minm emplitude of oscillation of the airfoil was restricted 
by means of rubber stops (Figure 2(2) ) and in addition restraining bers 
provided a meens of camplotely stopping oll motion of the airfoil at any 
tine by forcing the springs against the edcos of the tunnel voll slots, 
The lower rostreining ber can be seen in Figure 2(b). 

Two sots of strain coges were attached to the upper spring, one 
got nounted parallel to tho spring exis and the other set mounted at 45 
degrees to the axis. These two scts of strain pares noasurod bonding 
end torgional strains, respectively, cithouch it was not possible to 
separate completely the two types of strain, partioulcrly in the set for 
bending measurements, Rosults wore considered satisfactory howevor, as 
the primary purpose of the strain fares vas that of froqueney deternin- 
ation. 

Tho outout of the paces was fed throuch an amlifier to ec Helland 
Type A 400 R-6 recording oscillograph, where the oscilletions wore 
recorded in cino wove form on sonsitizod photosranhiec recording “apo. | 
Tining Lines spaced 0.01 seconds a art were also recorded on thio tape 
end thus osciliction frequoncies were readily avuilable. Samle 
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d aena ional 


body into the flow as shom in the plan view of tho test section (Figure 





ngs Lor soverel types ef ogcillzt 








The velocity gradiont wes crested by installing a bwo- 


6) and elso in the photograph of the exporinental set-up (Figure 2(a) ), 


ork covered with shoot aluminum, was referred to 





ughout the investigation as the "barrier", It wes designed to por- 





` mit quick instellction in or removal fron the test-section cnd could be 


easily moved to various positions when in the test-soctien, 








A cross-sectional survey o? velocity distribution in the wm- 
restricted wind-tunnel test section 15 plotted in Tipure 7. 

Velocity surveys were conducted et tost-soctlon velocities of 
50 foet per second and 17 foct per seeond with the barrier instelled and 
the results are show graphically in Figures 8 and 9, respectively, 

Tuy surveys of the flow with the berrier instelled wore also 
conducted. In the high speed case the tuft survey indicated that the 
flow ws relatively non—turbulent and parallel to tho airfoil chor Line 
on the high sido of the velociiy gradiont, However, the tuft measure- 
ments could not be doperded upon to detect horizontal direction vartations 
of loss than 5 degrees, In the low spocd case there wes insufficient flow 
to mele a elenificont tuft survey. Results obtained vith the tuft were 
used only for û qualitative appraise! of flow conditions, 

With no flou tough the vind tunnel the frequency of oscilliction 
of the two modes was determined, The goouotry of the system ws such 
thet various woichts hug from the lover spring would give various fre 
quency ratios, The explenation of this Lies in the fact thet added 
weight hed considerable effect om the netural flomurcl frequency but 
little effect on the natural torsional frequency, thus rosulting in a 
change of the freaueney ratio. In order to use the information thet 
would be available from an investigation of the flutter charactoristics 
of the cirfoil with different frequency ratios, and thus provide curves 
rather then points to study, it was cesired to detormine experinontally 
the relationship existing botween woisht added to the spring vorsus 


frequency ratio, 
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It ws owd to be impossible to obtain direct osclllorrenh 


* 


recordings of tho tuo naturcl fre T:0noies boocuse of the dynamic 
coupling between the torsional and Tlexural nodes of oscillation, in 
oscillorreaph recording Ghowing the effect o? coupling on strain goce 
response is presentod in Pirwe 5d). | 

it wes noted, however, that tie nodes و‎ 1.0., the point about 
which the airfoil oscillated es if it hea only a torsional derree of 
freodom, could be easily loectod and that the airfoil could be caused to 
oscillzte about the node. The node locetion was found and the frocuency 
of oscillation recorded on the oscillograph, By means of a orocodure 
given in the A pendix the fundanor5z Lrecuencies vere deduced fron thase 
date, The vosults aro presented {vaphieally in Figures 10, 11, end 12, 

the flutter specd wes determined with and withous the berrier 
installed. Ghorteonings ef the spoed Control mechnnism uero ovident in 
that tho attaiment of a desired velocity to within 0.5 fock per second 
vos frequently a tine-consiming process. Tho uochenion was not capable 
of making very small changes in the creed setting and in addition snced 
verintion for a riven throttle Setting frequortly anmoared, 

Flutter speeds wero determined for tho zero tension condition 
with the barrior in several differont fore-ondec?t oositiona, The 
results ere plotted in Fimme 13. It wes early seen that the latoral 
location of the airfoil centerline, 2 inches inboard of the barricr as 
shown in Figure 6, was tho optim one insofar as this position - 8 
the airfoil as close to the velocity cradiont as ig practical without 
undue direct interference between tho tuo. 

On @ number of rms the flutter frocuonty was detormined as-woll 








es the flutter seed. The wan frequency for cach berrier position 18 
presented graphically in Firure 15. The nean troquoney is plotted 
inoemeh as the avoraro sprond of frequency wos only 0,3 radian ver 
soco which resulted in points vory close tocether,. 

Plutter speeds wore also cetermined with woignts himg on the lower 
soring to chamo the fromuoney ratio of the systa., For two sota of 
runs the berrior ws removed and for anothor set the berrier wes located 
“- chard longth ahoad of the airfoil loading edge. Tie results aro 
plotted in Piruze 14, 

AMer the presence of the vredicted high speed flutter had bean 
vorifiod and the characteristics of the ox crinental soteup had Deen 
Ghecked, ag cutlined above, the test procedure consinied of thoroughly 
investigating volocitios bolow the flutter speed in e search for the 
presence of oscillationa at sone lower aneced as ¡¿redicted by Lo. 

The wind tumol 46 وإ‎ inê te tonê on this part of the investi- 
gation in tiet the ninimm velocity eat which the timel could be 


oporcioá was ct approximately 10 foot ner second, 





19 
IV. DISCUSION CGF 08 


fhe velocity profiles which existed within the tost-section with 
the barrier installed, and the bouxcrios of the velocity credient cre- 
ated by the berrier are indicated prephically in Figures 2 and 9, Lines 
of constant volocity outline the vosition of the velocity gradient which 
consists of e rofion ecrose wAılch the magnitude of flow velocity varies 
ron that of the freo stroan to a creatly reduced talus. The edce of the 
volooity gredient adjacent to the eirfoil is quite distinct avi is naorly 
parallel to the plane of the airfoil, The "edge" is here defined in a 
mmer analagous to that used in soaking af the odze of a boundary 
layer, Within this region the sherpnoss of the valocity cradiont 
varios, becaming less stoep vith dowmstreem distance, On the cverere, 
the flow velocity is reduced by 50 por cent at stations | inch fron the 
edge of the velocity gradient. A comparison of Firures 3 and 9 shows the 
decrease in shermess of the velocity credient Wiich accomponiod the 
decroase in timinel 536. 

Although tho proper equipient for studying iho degree of turbulence 
within the rorion necr the eirfoil we umvellchle, tests with the hot- 
wire equipment being used by MacOreeady and Madden of GALCIT in their 
study of atmospheric turbulence failed to show any long period turbulence 
escent in the uakos of the airfoil aml barrior and in the noighberhood 
of the airfoil when it wes oscillating violently, The apparatus hed a 
tine constant of 0,01 seconds. The previously mentioned tu surveys 
Showed thet the airflow cost the airfoil ws fairly straight clthough 1% 
iò possible that the airfoil ws ct saze slicht englo of attack ween the 


barrier mS in nicca, 
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The curves of Pirire 12 denoneircte the 10850 56630115 2 
the theoretical and experimental froquoney detornminations, especially 
when the springs wore under sero tongion, The ecxmtiona on which the 
theoretical curves are based are dorived in detail under caleulatíions in 
the Appendix, The discroponcy wiioh oxists under loeding een bo oxplainod 
by changes in the relative decvoe of clamping, As was stated previously, 
it wes found to bo impossible to determine the torsional end Mexurel 
frequencies ly direct necsurenent due to the dynamic coupling botween 
thé-two degroes of freedom, Instead, the location of the node point 
and the frocueney of vibration about the node wes rocorded. These data 
ere plotted in Piguro 10, Tho frocuoncy curve (80114) in irure 10 ocn 
be regarded as the moan between tho two dotted curves, The date should 
hove follen on e smooth curve since the eccurcey of frecueney deternin- 
ation wes of a hich order, The fact that almost all the experinontal 
points lie within a definite area and form a nettern within the arca soens 
to indicate that tho degree of cleaming weo not fised but vericd between 
two linits. The nean frecuoncy curvo δα used to calculate the two 
natural frequencies (see Appendix). 

Evidence of a lack of unifomn spring clamping مت‎ 3 early in 
the experinent and the necessity for reeter σι {στα ου in elearning 
action wes apnrecicted. Several unsuccessful attempts to obtain the | 
desirod unifornity vore nade, and towerd the end of the experiment the 
Clempc were redesirmoú as showm in Fifure 3. This dosim » ovided for 
definite clamping edges ot nom locations, Difficulties attributeble 
to veriable clerming action persictod however, end no complotoly satio- 
factory solution was Του, 


Flutter spood is generally defined es tho lowest snood et which 
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an airfoil with co specified mmber of degroes of freedom will becaorw 
unstavle, In this investigation, a fairly wide range of speods wes found, 
on the order of 7 fect per second, within which oscillations would start 
or themselves, build un to a stable amplitude, end die out upon reduction 
of spood, Tho numm flexurcl amlituie was limited by tho width of 
the slots in the tunnel wills end when this amlitude was roached a 
different, moro violent ty:e of oscillation was fod to occur which was 
characterized by lerce torsion:l anplitwies and by the springes striking 
the wolls of the slits with considerable force, 

ror oscillations of large omplituic, the linearised theory of 
flutter as presented in hé isons l and 2 no lonpor holdg, Strictly 
speaking, the lincenrisod acrodyuemic theory holds only for oscillations 
of infinitesimal onmlitude, For finito amiitudes, tho flutter derivztives 
ara no longer constants, but depend "a tho anplitwies. Furtieruore, Ge 
internal Camping of the system, nepicctcc in the thoory of Reference 1, 
and alse neglected in the caloulations of this pener, may not bo nege 
Melble for finite amplitude oscillations, especially in view of the 
possibility of its boceriving non-lincer, once the classical theory 
cannot bo applied. 

Flutter specd wes thus defined as the lowest sneed at wich the 
لعدة‎ 1855, ropular oscilictions would occur. This geve a flutter speed a 
rood deal higher then the »redicted value, as can be goen in Figure 13, 
Althoagh this corrasponded with the usual definition of flutter speed, a 
gorious disadvente;e of this criterion lay in ite indefiniteness. It 
wos froquently aiffieult to determine whether or not the small notions of 
the airfoil wore ropulsr or whether they wore intornittant and caused by 
ههه لن اه‎ in the airflow. This wos perticularly true when the berrier 
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wes in plece, Although it was felt that the turbulence wes not excossive, 
the c:fect of wall flow perturbations at speeds close to the flutter 
gpecd wos oufficient to send the airfoil into osellictions which died 
out relatively slowly. An attempt wes made to analyze signals fron the 
strain sores in an oscilloscope, but it was found that the sials whieh 
corresponded to smell oscillstions of the nyston required 5 
in order to ba of any values Equipment which would do this and which would 
also filter out extraneous signals from such sources os tho cncine ws 
unovolloble, 

Other investigators appear to have had sinilor diffieultios in 
thet they also oncountercd e rather wido ranse of speeds zt which flutter 
pini omm., For exmmole, Figuro 15, reproduced from Figure 15 of 
Reference 3, shows a ranco of experinentel flutter svceds for a civen 
volue o^ the naturel frequoncy ratio rather Bian any definite speed, An 
exmminciion of Figure 15 also shows that the oxperinental flutter speeds 
wore always groator than the theoretical value by amomts c-cracing over 
15 per cont of the theoretical value, This may be compared with an 
averece flutter speed 27 per cent higher than the theoreticel value as 
determined in thig investigation without considering the effects of 
finito aspect retio and the boundery loyer of the tunnel walls. The 
reference accomts for the difference by “he influence of internal friction 
not taxon into account in the theoretical calculations, Internal friction 
is roletively much procter in ayoteas dosipned to flutter ct low apoeds 
thon it is in actul structures wheoro the flutter speed is much higher, 
end intorrel friction will alımys tend to raise the fluttor snood. Those 
considerations will account for the seemingly larger differenee between 
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theoretical and experinental resulta obtained in this study, 

low speed osciliations were fowid at approximately one third the 
flutter velocity for the phenomenon dosgeribed above, Those oscillations 
occurred with the barrier in the 3/4 end 1 chord positions, Whon the 
position of the berrier relative to tho airfoil was closer then 3/4 
chord no opeilintions were detected. It showd be noted however, that 
the speed range of these low aepeed oscillations wes close to the ni nimm 
operating speed of tho tyummel, and thus the low speed overating Min“ tetions 

f the wind tunnel prevented a thorough investigation for the preacnee 
of oscillations when the relative barrier to airfoil distance was loss 
than 3/4 chord, 

When the barrier was moved closer letereally to the eirfoid then 
the stenderd relative digtence of 2 inches indicated in Pigure 6, the 
speed ct wich oscillations occurred wos unchanged as long es the odge 
of the valocity mmidient did not touch the airfoil, 

These low speed oscillctions were of lerce amplitude und pre- 
dominantly torsional in mode, (Ses oscillorraph record in Figure 5(b).) 
The oscillations occurred only in e very narrow spoed rene, fron 14.1 
to 17,0 feet ver second et the 3/4 chord position and 15.0 to 18,0 foot 
per second at the 1 chord position. 

The frequency of osciliction was practically constent regardless 
of the speed ond berrier position, Six of olevon oscillograph recordings 
tokon at various speedo and with the barrier at both the 3/4 and 1 chord 
positions gevo a frequency of 53.6 radians per second, while the other 
five were very close to this. The natural torsional frequency of the 


bysten (Figure 12) was detorminod experimentally to bo approxi:toly 





54.0 raicns ner second, 

Lo (Reforerce 3) predicted that an airfoil oscillating near an 
interface could have a very low speed Thrtter in addition to tho roc ler 
hich speed flu tor and that wis flutter would be oredominantly flecrsal 
in mode, Thea low speed oscillation found in this study does not ap peer 
to be the low speed flutter rodicted by Lo inmaerich as it is torsionel 
in mode, of large amlituce with a frecuency aporoximetely the sare هه‎ 
the natural torsional frequency of the syston, and it occurs at a speed 
nueh higher then thet at which Lo indiceted his vredicted Mutter would 
occur, 

The nature of the low sneod oscillation found in this study does 
indicate however, ihe likely possibility that it is cue to vortex 
ghedding. The use of Tyler's formula, Mb sin«/W = K, (Reference 7) 
incicatos that the anvle of attack of the airfotl would have to be cver 
20 decrees to give a veluc of K in acreonent with Tyler's averaro velue 
of 0,15 for airfoils, ' Tiouch no vrecise mecsuroments of Slow diroction 
could be obtained, in view of the cave telson to maintain ος sero aneio of 
attack, it is unlikely that tho angle of attack approache’ this high 
value, Therefore, the more plausible explanation is that the oscilictions 
were cue to periodic vortices formed in the flow behind the blunt trail- 
ine edge of the barriers Additional information on both the naturo and 
the direction of the Tlow is needed to detormine conelusivoly tho cause 
of this low spoed oscillation, 

Tho infornetion that would zal possible a wreciso omplenction of 
the flutter and ose2liction phenoaens. encountered $n thie emerinent could 


probably be obtained with the proper hotwire oculpmont. The flow angle 
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ond ba deterzine’ by uso of a syzmetric airfoil with aywetrically 
placed Mush static prescuro crifices on each of the aurfeaces. Turthor 


invosii nüion of this tine is recarnende” to deterxine conclusivel: ٥ ه‎ 
sharp volocity pradient near on airfoil has any effect on the ogoillotiong 
of' the alríoil. 

it em be shour experinenteldy V at ihe nregence of a erp‏ قل 
velocity sradiont hes no offoet on uno £lutter phenomena of an cirfoil,‏ 
then skour low considerations will be reflected only in the celculstion‏ 
of mechanical acnittience, in which case tho more suiteblo mthexwticecl‏ 
approach to a study of buffeting will be by wy of statist*’ecl nothods,‏ 

¿ron the rorcgoing discussion and statencnt of facts, this invostl- 
Satia 50589 to show that a sharp velocity ¿radienv rear en oscillating 
airfoil has no significant effect on its crities] flutter speed, 

This would tend to substantiate the conclusion that Lo's theoretical 
calevlations reflect tho iceclizeticn of a velocity gradient into an 
“interface” rotier then <>laining the cause of buffeting, 

The smell chenges escocietes ciití the presonce of u velocity 
graciont as determined in this invostiration indicate, fi ther, thet the 
viscous shoar flov conmected with a velocity gredient of the oder ol 
een tine 1ο]; to be oncounterecd in vractice will heve such smell effect 
on the nochanical admitstenco they it can be estimted sufficie tly 
aceurately by using the aoromenie coefficients as rorsured in a uniform 
flow. 


Moreover, ag ¿he sorolyneric coofficients ero readily detorirzble, 


it can be concluded tizet theories for prodicting buffeting will هد‎ 
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concerned with an miysis of the turbulonce in tho Slow around the 
tail. In other words, the vredictson of buffeting vill seculro ihat the 






turhilenes por get en? the eomelstion functions sre imow or cen 


be approximated Tor tho wke in which the tail lios, 








15 
VY. CORLSIOS AID RECOSCZDATIOID 


The evidence found in thin investigction, thouch not eonclusive, 
indicates that hufotinc is simply the response of an olastie svston to 
2 turbulont flow, Mo conclusive evidence wes found to indicate thet a 
sharp velocity gradient near on air? il hes any effect on tho oscillations 
of tho girfoil, 

i Low speed oscillation was found which the evidonece availeble 
indicated was due to periodic vortices formed in tho flow by the 
axperinental set-up used to create the volocity graälert, Linitations 
on the minimum opernting speed of the wind tumiel nrecluded a thorough 
invectiretion of the lewar specds in the low seed range, 

“urther investication of the airflow ereated by the comori- 
mentel set-up used ip recommended in order to esplain precisely the 


oscilicilon paenemena encountered. 
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CALCULATIONS 


Z. ATRPOIL (1D STRING ο τὸ τρ 






Ce Qe ~ center of gravity 


O. 6. elastic axis 


Woicht of airfoil = 3.7780 lbs. 


| 2 
less of airfoil e 9,79 x 1ο” Na ts 


Radi of ¡yrotion 
about c. g. * 3,1" 
ebout @ a, = 3.25" 
Length of eming = 7,5 
Cross-soction of springs = 1/16" z 1/2" 
mos of spring n 1.73 x 17% 1b, au 


2 
Total spring mess ہہب‎ 3.46 x 10% 1b, "Ee 





21 


TT, DPI MATIC OF UATURAL MINUS ο VIBRATION 





1, | neda? ریم کت‎ ἡ 


The Lollowing configuration is assumed in which the springs are 
built in at both ends and the airfoil is considered stiff as campared to 
spring. y 


لبهي 


Ue cA 


Considering the equilibrium of a differential length of spring, 
Ti 


— 
| x 
á P 
H P 5 
M + كلق‎ ax 
24 = O š W k ας - (mM + $i ax)- S (- dy) 
Pdx - τ dx + 5 dy - 6 


Assu dM - El dy 
dx dx? 


Thon tho Oícforontiol equetion is 


, 
° ات 


1 
0 


This hes the solution 


y à Co Cosh qx + Gs Link αχ - وړ‎ 
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The boundary conditions are 


y * ο et Pow" ο 
سے‎ å 0 at K ® O 
dx 
۔‎ ux 0 at X b Í 
dx 
Substituting the boundary conditions into the equation for y 
fives 
3 2 cosh gt - | P 
Y =~ Sq “sinh ql cosh qx + 5۹ sih qx 
δε, ۶ Ceosh s£ -!) 
> 05 sinh q 
When x = 1 
E- - ως ο δ8 ES α ἃ -! 
5 sq sinh q 1 


Taking linit cs q epposohes Boro 


2 4 
I ۲ کو‎ 











EÉ- - PL p 
; i [qt + (AY | 
بجر‎ [a] 
Putting q? = A 
. UM, 
7 12 El This agrees with tho deflection found by setting 


S= Q ån the differcntiel emetion. 
The spring constant in floxure is then, talcing into accom both 


"x 
"NL 
E 
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springe 
Κι - 8 AS T 
۱ $ pra کی‎ " ) 


As an example i, is worlsed out for S = 40 lbs, 


The cross-pection of the soringa is 
| — سيوا‎ AN E = 30x 10° db. 


Z= nr τ - αὖ T 


12 


sma ISSN‏ و کت 
—Q———‏ ل پر 10% El 30 XxX‏ 


I2 x 2 x 16) 


The length of each spring is 7.5", 


gl = 752.32 = 27 


| 2 
Et c — eT o ^ o6 
رو‎ ۷ της ) | 


The flexurel frequency, w , 38 then: 


O. Οἱ 


yO τ m 9.79 


1 


55.5 rad./sec. 
This mey be eompored with uw for zero tension on the spring. 


Wi, “422 rcd, /800, 
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2. Enero eio 
> 
S <r _,— «٢ o > R 
m 
Asare c deflection curve ghown ebovo. in this case, lot L ve 
the length of both springs. 
= 2 8 
y = Yo Sin 1 


This ectisfiog all boumary conditions, 


a. The notontiel energy due to bonding 300 ٤ 


_ 1و‎ 4 a 
ZEILE ds m= EL ot 
0 


b, The potentiel onerry due to loads: 
1 
2 
ΠΝ Ἔ ( ^ dx 
2 2 dx 
0 


Ce The kinetic enersy of vibrating spring particles: 


A 
T _ y, e A w2 | sini Y و‎ es spring density 
ΙΤ 2 


0 A = Area of Spring 
d. The kinetic energy of tho airfoil: 


۱ 
2 ےرا 


4 δὶ 
Performing the indicated intorrotion end equating potential and 
kinetio ov.ercies 
30 s? 
-) 2 R4 X 


5 3ms _ M 
eo ~ τσ 
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The muss of tho springs wey bo neglocted since it is only 1/30 
o? the masa of tho airfoil. For & = 40 lbs. 








3e x عه‎ κ πὶ uo x 1? 
"T (159 x 12, x 2 x (ie)? ux 15 
h = 
. 007۹ 
ων. = ($10 + 6.53 ) 2 
^ .00 474 
Sh سس‎ = 56.2 rad [sec 


The curves of flexural frequeneies voreus spring tonsion are 


plotted on Figure 9, 
B, / 1 | E QUO 


It is apsuned that increases ín spring tonsion oroduoos only 
secon? order offects on the torsional spring constant, 
From Reference 7, 


3 
Ky = ee 


where 6 is e constant depending on 
the dimonsiors of the 
cress section 
b long dinension 
C short dimension 


In this case, û "= 7 


3 
k 307 x + x(q) x M ox 10 x2 
a = 


1.5 





& 120.1 in, Lb, 










C, 

The experinental date is plotted in Pigure &, 

Consider the following systen ye X 

Center of Hass 
7 2 Elastic Axis 
= Mode Point 
f E. 
7-8 سېا‎ 
Elastic Ky 

Axis 

Por æxli oscillations of the above system, the following equations 
will aply 


πο 6? 
vote tial energy: Y = ا‎ + Ka = 





9 ο 
Kinetic enerry: m - mx* je = 
2 


Using ia Gronge's equctions 
Iê + Kn S?O - Kh Sx + Kyo = 0 


mx - K SO + Ky x = O 
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The follouinc essuxmtiíons are nade: 


b, X = x e Tm. 
1 


Assuiptions "e" and "a" are valid if the miss of the springs is 
small campered ton. Tho condition for a node ct y is 


X .9 
τας or ΤΕ τε 


Complete experimont:1 results were obtained for a rence of node points 
such that y= - > . The ecurtions then roduco to two simltancous 


equations for Wy om Dh ο 





ux? LS o یں‎ 2 


where W is the Srecuency of oscillations about the node, 

Solutions of the above equations for W, and wy as & function of 
spring tension aro plotted in Figure 9, Note that W, is independent 
of eprinr tension. 
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11, 112101101 110 0087 


The procedure end synbols used are in accordanee with those 


defined in References 1] and 2, 


; R u 2 
١ = 1 κ 4 z soc, . y ) ESA 
T 3.77890 d 1174 3 00979 نا‎ 
E = 3 
τος, 3.123 


Fein,” "۷ 3249 
"209 a = 0835 #ta=,.,2 }-a = ιτ 
Χα ° 0322 


p 


K = 0261 IK = .16156 
r^ = «6005 | x, = 4006 
Da = 544 wo. 2959 
Wh = 41.5 w? هت‎ 1722 


A = 6,358 
Αα - ο > 


2 
Ay, = 3.438 
Ca, = 3,438 
Cag = 1.000 
Ch, = 39.31% 
Ay = 236,135 
By 9 -2e L74 
Gy = 10.733 
Dy - 27.5. 
Au = 1.000 
TN = 3.6259 








«72r B (ea) 25, 


«1650 











x -7.4676 In = 7" Ay "0 

Ro, " -30.7112 Bp = 365.7880 = وروی‎ 

l, = 1.4342 C2 7 290.7860 οι » -62.9024 

ly * 2.3916 Xi * Bu X. " Za lol سوا‎ 

MX - 24273 

a -7.815 bn = 3.62599 Ag = 0 

Re, = -38.590 B, = 66.926, B, = 8.8660 

31ء ٭ Cp = 307.079 GC,‏ 1.676 " لد 


R a «Ὁ 1. Ap £2 3.6259 λα o 0 
Ro, * -38.469 Ba = -686.0153 By = 9.9609 
la, ° 18075 Cp = 323.781 Cy = -34.296 


A, > 35 4 = ویو‎ “x, ٢ سه‎ 


Tho X, and X, are plotted in Figure 16, The intersection of the 


Pe Wa a b | 
— = 46.5 ہہ‎ 5 Su Mo | 
u | gp ^A fee 


IV. TYLERS TORMULA 


Nb si < 
V 
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.N = Natural frequency of torsional oscillation in cycles/sec 
= Chord of airfoil in feet 
x = Angle of attack of airfoil 


V = Flow velocity 





i ° --- . sin 20° 
= 9 
1G 139 
i Nb 
Note that Goldstein, Reference 7, defines the above formula as y = K 


where b! is tho width of the body perpendicular to the direction of flow, : 
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a. Test section showing airfoil and barrier 





b. Mounting bracket and flexure 


Fig. 2 
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Flexure and spring clamp 


Weights attatched to spring 


Big. 3 


a. 





b. 
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